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lnt ro(luctio)l

l’hCI’C has 1}(XX1  I]lllch in[crmt lalcly III 111[ {i,\’{:1 i/JIllClll  (~f’:1 J( III{’,  1“/l~Ifc ])lilTl for  (CIW.cJrlllllLlllic.:{[ior]s
within our solar syslcm. 1%1 of lIIC ]rll(l~  <1 s{{ II]S iion) a NASA O1’I”ICL> of S]mc Scim]ccs (OSS)
]}]anninp,  activity to develop a t-(), K/ttIiI/)  i ( )J [II( Jtl;.vfi{)ll  /() lIIC ,$01(/)  ,f’~,il(’))). “J’hc JCI I’mpulsion
1,iil)()~~(()l  y (JJ’I ,) hzN bcCtl lcadi!~{’, (li IL, CI 1 (1I ( I’I ~ NASA ‘1’1)[ Io;t(l]lt:ll)  Ilas lmm syll(hcsixci  over
Ihc pas{ six mon[hs with  Jxlr[ici])it[ioll I I(): II ;I (’I ~)ss  w’(’tion (I1 [[w AI IICI i{”;{u  scic.nc.c. conmwnity  a s
W C]] :ts tcchnologis[s  from JJ)l, ar](i t’:il i 1[1~  )li ICIiCa  II  (wrlllmlli(’s, ‘j ‘j IL r ()~dr]l:lp (; OVCI’S r o b o t i c

cx])lomlion for’ I}lc pcrimt of Iirll( fro[ll IIII\\  tlllt II III(: yL::II 2 0 ? ( ) .

N A S A  rcaliy.cs  tha t  solar  sys[c.111 (s]) 1,)1 ,I[i(rl will lx aII ]n(~.[j]il[i[)l)iil  ac(ivily. IJomign SpaCC
agmcy ]dans IJavc bc.cn  fticlmcxl  1111()  [IIU ItI,K1’ ~:Ip :tcli\’ity. ‘I’l Ic.11 \vill  Iikcly  bc all international
planning activity W will follow NASA’S w L(j I;inc.e  (~f  Ilm rclad]nal] l(({)JllltlcJl(lalior]s.

111 addition to developing a set of IL,! II IIIIL I [latiolls [() NASA ~or ]I]ifsions (o :irlswcr specific
scicntifk  qucs( ions, the roadrwq~ tc.t~( II L k; III IIKS , scvrl {II of II K kc.y  cllal)li]]g, tcc}lnolog,ics. (3I1c  of
(hcsc is tclccon]r]lunicalions.  ‘1’IIc fo. II\ (}I (IK:  J, IL IdJIIalJ aclivi[y  wa~ orl s~)acc  missicm  within the
solar  systcm.  IJowcvcr, (IIC vwlk [t I::( ut~ I l.lfol mml irl the t(’lc{c~]l  lrl]llllictitio~ls  area can bc
cx(cmtcd  to fw outer plancl  and ir)l[vsltll:l  I l~ivl(m a~ w(:II.



Technology Predictions

‘I’llc(cctlllologics  lis(c{i  t~clou~:tl(llf~[  ill(”ill)l  il.) rcp]cscnl  :111 ICIC\’iill[  It:(:llllologics-o  niytllosc
(hat arc seen as enabling for tllelllaili (ollllrli]ll(:i(io]ls”  li]lks. AI)alyscs \\rCIC i)crfom]cd f o r  b o t h

la(ilo frcxplcncy  (RI;) Systems al](l ()]) [)(’:!] :>} Stl”:! l!;,

l?P’ Technologies

Ka-lland

NASA’  sllccp S\mcc Nctwork(l)SN) i~ ,ill(ij(l? cie~cloj)inp t}Ic caj):~l)i]ity t o  c o m m u n i c a t e  w i t h

(imp s p a c e  m i s s i o n s  at 32 (3117. (K: I-l IaId ) Alt}l(~(]~,tl  the IDIIC.1(11( ii(l~ii~~tii~,c.  over  tbc I>SN’S
Culmnt  stanciard frequency (8.4 Gil/, 01 >;lliill(i) is jllsl lllldLr 12 d]), l;ir(ll atlnosphcr;c  effects,
pointing (icprc(iations,  and systcm Imi$r IWI it }Iill;lrwc”lilni[s  IIIL CLII-ICII(  a(ivaIll:i,gc 10 about  4 ci13.

NASA’s lISN Tcchno]ogy  l)c.~rc.l(~j)]ll(  II( l’1(l/,Ia I) I is wwkiltj’, [o itlcr(:~w  tl)c.  relative advantage
of Kzi-ban(i  over X-banci. The adval]l;~~!u  (OJL4 t’arrc.lit  X- I+; IIILI jk’I(c)IIIIaIIuc) is cxpcctcct  to bc
abcm[ 6 (ii] by tile year 2020.

III this s[udy it is “assmncd that the 1 )SN’:. ItI}I
rcccivc  capability by 2010.

Powcl’

‘I”iltoughou[ (I1c 25 year time pcrio(i,  a s(( ,id>
soiar power is assumed. This gain \vill  C,N I IC

I ‘/0111 a!ltcllllfi<  will I}c (’q[lilqmd  with Ka-bami

I 11.rcasc  ill [III :lvailal)ilil~ of on-board spacecraft
11,}[11  il](”I1’iiSC(i  cfiicictlcy  ill lIIC soiar Cclis, l a r g e r



s’L ]Jac.ccl”aff RV’ AIIIeJll}a S

“J’l}c. l>c.lfo]”l]}allC.C  W i t h  both fixd iyJ)( ] )::1 ;I~)()] II anl(. IIn:Is ald laIIIu illllalal)]c ICJ’ICXXCMS [3] we.rc

calculated for [Ilis analysis. [)lI]cI t(xlIII( IIoj’,i(. II]al wi] I Im)txibly  ~:tll ill Im[wccn  (hcsc cxtrc.nw,s
incltdc ])llaSC(l  al’1’ay aTl(i l’CflCCl al I ii~ ] 4 ] ,1 r] ’!(’li’, ,1S.

l;O1 infliitftblc tCChllOlOgy,  it W’s\ il<~lllllf.’(l  I 112(, 1)}’ 2020,” ?5JII ;lllt[’JIIl;i\ With ~o()(i Ka-Ban(i
imrformance a[ Mars ami JLIpitCJ (:ol)i(  i I )C i 1[ ~{’n, l~it  II solncwt  I;Il s! II: IilCI si~,cs (ciuc to m a s s
mls[raints)  at Neptune an(i bcyolld.

W Modulation Schmnc

~ulmntly,  all dc.cp space nlissio]]s IIS t)i Idl;w :.llif[ kcyillg (111’SK  ) lll(~clulatio!~. “1’lIc new Block
V  w.ccivms  in ti]c 1X3N arc cai)al)k  01 slllq it)] II I IF, quad  ]dmw  sllii’i  kryi J)g (QI’SK) mociula[ion,
O[llcl-, lnorc banciwid(h cfficicnt llm(l~ll:d i Ni S(1 H n)es l’.oui(i, Co]l(cil’al)l!:,  I)c used in (iccp  si)acc
(iurin~  tlIc next 25 years. 1[ was assu II K:(i  II I;II  il 25 ycals, (Ic(I1) SIML’C IIllks would  bc capable of
64 q~ladraturc  arnp]itudc modula[ioll ((.)Ahl  ) I S I I ,oci~]i:)tit)n  v+rilil ajq)]oiu  i:!lc (Icllis ccxiing.

E r r o r  (Uorrccting  Codinx

Rccc.nf  ;i(ivanccs in error correct i i]g, cOLI[ I. tl:l< I csuilcd In [IIC (iisc{)vtl? of co(ics (Imt achieve
pclformance  w i t h i n  1 d]] of ShaIIJIOII’S  tllo H( I.al linli[ for [II( (I((j) SII.K:C clm)J]cl  [6]. ‘J’hcsc
t/41/m  cO(/(’.s  WCIC  aSSllnlC(i for all IIlissic)lls  Ijy tli clld  of IIlc ?5 yc:tl lilll~ fra]tlc.  l;igure  2  s h o w s
the ixxforlnancc  o f  Onc o f  tile llc\\’  1(1111)  (V.l:i(’$ iJ) J’L’i2(ioll  I(I SOIII(”  otil(’1  C()(iC.S  that a r c  llsc(i i n

NASA (ice.p SIMCC missions. sysulll\  (I1 II illl(l,i  h’ co.linp  ;illd ({( ’(.’(),1111}1,  of” the tLIJ’bO  CO(ICS  at

high cia(a r;tcs (al lcasl 1 Mbps) _wiil 1)( [t~)llilt’,
,“1 r- –,–--J---J-- =Un_---I.  I I I I I “r”l-  (---1  ‘i ‘I I I “-1 .,. .T–r–r

;:2 _ yg4\\$kP\
l \

-–L-L-L- . 4  I I !1 1) \ ,.+\.l \ $._.J I i $ .,![, .4 4_L.4.L!_
-1.0 0.0 i .(1 2 l\ :41’ 4.(, G.fl Go 8,0 9.0

} I,mo, d[:

I 1[ ‘1,’ ?.

Rcliilivc pc.ri’orfnarm oi  \aI I( ILI.  L I I( I! ((I {:ctinjl,  ((LICS ifl(l~l(lll)y ;I II[\,.  furlm C(K1C

Rcccivcr N o i s e  IDcrformaiict’

(;III Ic.91tiy, the. INN’s ccplivaicnt muv.i~ill{’  111. IW I: VIIpCIiItIIIC  (’1’ ,),) is :IIK)LIt 30 K at X-band an(i 40
K a(t(i Ka-band, II is assumed tha[ ttlis  l~ill l~t]l)[i,)vc  {() 20 K ai)d 30 K l~s[x’.([ivcly  in 25 years.
“]’tic  ifn]m”lant  tcc]mologica]  cicvc]oj IltaJIl\ 11](’lll(]h  tmtl(:l solid s[alc (1.’l(’(’lot \ (1 ll{h4’J’s  [’7]) [is well
as c( yoscnic  cooiing  of substantial im (IL}IIS [)! [11 (ictmlol <ys((’l}ls



]’oinling

in order 10 achicwc tbc gains rcs~lll ill}’, fI ( ) 1 1  I  1:1,. IIIcI ctirl icl Irc(]ucll<i(s and largx tmmlit and
rccc.ivc apulurcs,  both tbc spacccldl-l  aId fII(UIIIt  i :Jlatiolls II IIIS[ iln])lL.)\’L  [Ilt’ii ])ointinc :ic.cwracy.  1 (

w a s  assulmci tl)at p o i n t i n g  h.3cl InolojI,y” ivill ;ILIVr  II ICC a t  a  Iatc ttmt kct[)s tlIc ]osscs fmm poin[ing
CI1”OIS  COl)St:lllt ()\’cI the ncx[  25 y(a[ s

Optical Technologies

Ckrrcn[ o p t i c a l  collll]ltitlica[iol]s woI k i \ L ,.)IILYI  II IIItC.d  at a Wtt VCl CII:I,ll  I (~j 1 .064 p in .  IIy t h e  y e a r

2005, it is CX])CC(Cd  the tCCllIIOIO:y for ((~]lll[)[lllica[io]l  i~[ (). \3? prII  \vill  I)c ava i lab le  for f l ight .
This will allow an incrcmcnlal jullll~  it) 1).liol II I:w(:c.

Spacccraff lascm
‘1’hc cfficjcncy  Of solid state flyablt. lil\~l ~ i~ ,l\<lIIHC.(1  10 illC.l  CilS(’ fol its (“( II IC.111  ValLIC Of about 10%
to bctlcr  than 30% over the ncxl ?5 y~’ z: I >. A t  {1 I(: SaII IC tim~, (lIc I a(lizitcd ])owcr is prcdictccl t o
incrcasc  from 3 W to 20 W.

lJow m a s s  and cost spacr 1[’!l]lil~al~

JI’I. lm bccm working m (IIC  cl Ial  ILIIj IL’ 01 ctl((inf, it low IIIa SS aIId ICIW c o s t  coI[llllL1llicatiolls

tcminal  for deep space missions (l~illj’, (),ltidl .ol~lllltlt]i(atit)lls  lcclltlol(l;’,ics. Althougtl nom of
(Ilcsctcl  lllill:lls l]zivcflolvll inslmc y([, stv I.Ji Il lllot(~(j’})(.s, itdudil):’,  II)(’ (ll)tical  {~{~ltlrllllllicatiolls
lhmstrator  [8]) have been tcsic[i ill  {III. l; Il)IIaloIy. ‘1’lK:,c tc]~i]illals  would  have an optical
apcr[urc of 0.1 m.

liigurc  3 shows a}>ossil~lcc  or~fl~’,(ij(i[lo:l  i~i a deep spa(( (y)[ilal  lt][)lintil. It WOUICI bavc a
mass of about 3.5 kg and radialc,  15 \?’ (If II(IV,( I S(lch a tulninal  (wllld I)cavailabk for flighlas

ear ly  as  next year.

I I  “(IL’:+.

l)(’(’[,  S1$l(.. ();’ I,; II flIy,l It It:rl))illal

Morca(lvallccd  vclsions, (I]al illt(j,lal(, III( (q)[iwl (()]l~tllL]~lic:tti()]ls II IstILIIncnt with a scicncc
v(i[)o  ‘jt,c~r,~l[,lll(i  Il:l\I(. ;l II IaSS Of about 10 kg anditll:lgil~p,syslclll,  could bcrca(ly  fol ilI/1,111 1)~, .

ladialc. approximately 35 W of lx~v,f(l.



Karth Rcccivc AIKMUWS
“1’tlCl’C iS CLII”I’Cllt]y 110 O])cl; l!ioll:il .’a]l,l}),ti(y fol [i(’(’11 Sj):i[’(’ oj)[i(’al CollllIIL]I]ic:~tio]]s.”

llc]]]OJ]s[I:ttiO[ls have been pclfo] IIIUI {Iiip IIIL~ Ified asllmolnical c)l}srl lfato~ics  [9, 10],

IIylhcycal  2000,  lhCrCColll(l  I>c il ltlllil(’(l j’lc)llll(l- l~:tsc(l (y)(i(:il c(lllil  llLll]icatiC)lls  c}tlJal>ilitytc)
s u p p o r t  tlc.l~lollstr;iti[~lls  in dcc])s]):(tt”  [) 11. ‘I’ll ‘, SlaLi(~ll\COlll(i  llil\’L’ a 1 [)111 IIoll-cliffl’aclioll  lilnitcd

wccivc. a]mlLIIc. ‘]’biS WC)U](l 1)(’ 111(}, (’ (tl,lll Cll  Ollj’,h  1(J  SIIIIJM)II lll]ftdrcds  of kilobits  o f
colllll)llllic:[(i(llls from Satwm-like (lI\t;ItIL(  <

ll]olclcllo  lll;ikc(ll  iscaJ>at)ility  lll]ly  olh.Ia(ILII)al ,  SLl\(’1’d] (X)I)ICS o f  Ill<’  ]0111 [cIIIli[Ml  w~ll]d bC

h i l t  10  acbicvc  I)ott] c o n t i n u o u s  (X)\  ’Clil/’l it,il}ll  Llcc]) sl), I[.sc l; Ir{I,cls :Ill[i sp;llial diversity (0 combat
(Im c. ffccts of liarlh’s weather. AI l{ L:I\[ tl I I{,, ;1!(1 Hlayl)c  as  111:11)}1 :l\ f’l\’c Sllch s t a t i o n s  would bc

nccdc.d to supp(wt opcraliona] dccl)  sll:tt(’  I I Iiw!l II IS [ 1 2], ‘1’hc~c  c&ld  IK ill l)lac.c  by 2005.

IIy 2010, Il)c 1 iallh rcccivc calml}ilit~  CO;II(l  1). in~”llawxi  cilllcl  Ijy Iwll(lillf’, lar~cl f.yound-based
apcrl[lrcs,  orby placing tbc (cnniilals if) 1{ Till (JI I)it [ 13, 14].

Rtxwivc  l~iltcrs

{Mcnt state-of- tbc-wl for rcccivc sysl~I II ~ I( 1 r<

25 years, (his SIIOUM dccrcasc  I(I tw~(rl [t~~ll
1 ‘al aday Anomalous IIispcrsion  ()]~t i(ill I i I II I

IIclcctors
Cum:ntly,  a l l  o p t i c a l  Colnmunicat ions (ltIII)I  I\! I ..lliofls \iitt]  LICCI) sIIiI{t 1 iavr. u[i lizcd avalancbc
photo(ii&s  (A~l)s)  to measure. itlco]l)ilt~j,  1 II I~)((!I  I\. 11!’ [Ilc  }IC’WI ‘?ot”  f, solid sta[c l~l)(Jtolllllltil~licr
tube.s (SS-1’h4’l’s) will bc availabk,

Pointing

JusI as ii) the l<l; case, (hc pointit~{’,  of l}~)ltl  (11( s]: :’c.c.l  aft and I hIIII tcj  Il)itlal iiI)CItl]lc.s  is critical to

the pcrforlllancc  of (hc link for ol)tical  L <~[[~l(i~lil(  ~!iolm.

“1’hc. l’lrst dcc})  s p a c e  missi(ms 1 0  I  Is{()]1[ 1(’ 1 COIl)Il)lll )i(:illioll S \\’ill IIk(:ly llaVC a coopclativc

pointing systc.111. in this casv.,  it Ilr.i(.() I \if ’t; :l w’i]l lK’. sf.’I]l fIol II [II: lla Ilh s t a t i o n . After
acclaisi[ion, the two tcminals  would 11:1(.L ~ il~’11 u Ire’s si~)llal  lo aclli<vc  a (losL-(1 loop pointing.

]Iy 2000, a spacecraft system OMI f ]t](i. III, , l;)ticat irlm~,c of tlli 1 L:II III coulci  allow sufficient
pointing accuracy to eliminate Illc Ilc.(:(1  f (JI ii’ I 1 ; ill lcljnilial  IXMICOII  fol si~:nd a c q u i s i t i o n .  Mom
s o ] )  bistic.atc.ct  syslcms that usc stat 11 ,K k (f,. ;III(I (Itllcl 011 bwll”d Scl)\ols (Imll(l a l l o w  Cvcn bct(cr

opcm  1001) ]mintinr, by 2005.

13y 2010, sin]) on-board au(olmm)lls  1 N)IIIIII:I  sysl(])]i  c()[II(I l)< i(llttlcr illlprovcd  by using  a
~1(~1~-111~3cll:lllical  ilnc steering [cc]miqur  fol 1 11( s]),I  ccrdfl l~lnlitlal.

‘J’I]c  Analysk for Mission 10 f hc SOlar Sysf  (H9I

t-lsing tbc tc.cbndogy p r o j e c t i o n s  at)()\  c,  I IIIk II. I I’OIIILNICC (st ii]); ll,.s \~(”J c  (lcvclc)pccl for tt)rCC

[argc( lwiy (wbi[c.rs: a Mars orbitcz, a .llljl)t(t  0111 T(.:r, ar]~l :1 lit’]Il[Ilw  oll)il~.1. 11 w a s  assllmc(l  lt)at

t h e  laI~,cst launch  vc.hiclc ava i lab le  j(M II lis ( X: I ~i: is a ll-lta 1 Il. ‘1’)Ic :Ill;ilysis  was pcrformccl in
five yc,ar intervals beginning in 1W5 (IIILSCI( L {I},il)ilily)  altd  c]ldin~, ill ?()>().

lkM cacll ycal’, six link pcrfolll);l!~c<s  \!’cI~  (ill,  t Ilatc{i:  a{’,glcwivc  :ill~i L’t)lIscI i’ativc estimates for
X-band, Ka-band, M(I optical systc[]l~ ‘ 1  Ii, I( .IIlh arr sho\vII ill 1 I{I,IIIt’ 3 .  ‘l”hc amm i n  [bc

~IaplIs arc ooundcd b y  t h e  bc.st ap,~~,j c~~ i \c (, I ~( ,,)1) tlI(’ 1011 aII[l II)c l)c\l LCIIISCI  valivc, c a s e  o n  tk

bottoI1l. A l l  tbWC &@lS CVCI\tll:\~!>’  \I ~r IJ]ltihll c.t)]ll)))~]])ic;lli{.)]ls  I(I I)[)LIII(I [Ilc awas a s  tin)c

pI’og,I’csscs.
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l~igurc  4 s h o w s  [hcsc rcsu]ts  ~,ta~)l]i~,{lly ill (II, L4mc  foIIll as ilt Ill{. 1)1~’liou~  sm.[ion.  ‘1’l)c  a r e a s
it) the graphs  arc ~mundcd  by the I)c’i[ (Ij l)Ic.  ,.:j!I,Il .,ive all(i coJIkcI l’at]v(’ t(s(]lts for cad) year.
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Conclusions

‘1’k calculations pcrfcmnccl  here ir)di((ll( ltl,ll,, ( \ CYI irl tiIc IICIII [CJIII,  ct)llllllllllicatiC)lls  capabilities
fmnl Far oLlter  solar sys(cm missions (t]))  [I I I ,,(K} I Al)) a~ L.. sui’ficicnl  to st)])jmt mcaningfLd  scicncc
and mu public involvement. Wl(h led; t:\”: 1(’ IIlmlofly, mi ssiolls writ II kilol)it  clata  rates can be
sup]mr(cd at 100 A[J. Within ?0 }c:iIs. itll{ tii]),illility  will CXISI fol ]Ilissiolls at 1,000 AU. With
an a~;fycssivc  plogtlml  of Ccmlnlllliic:lli(  )115 ([ ~1 IrI I~ogy al}Ll  inl I ai(] (lcltll(’  dcvclopmcnt,  even greater
ciil)al;litics  will be possible -- up t{) s[)lli):lt 111~~: II;:l titnc I) JCNHIGIS[  q(Jalily (clcl’ision  from 100 AL)
and I)iany minutes of tclcvisiorl-(ll)  [ilil}  \I(lLx)  c.; II (lay flo[n 1.()()0  All.
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